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Abstract
Exploration of advanced modulation formats and multiplexing techniques
for next generation optical access networks are of interest as promising
solutions for delivering multiple services to end-users. This thesis addresses
this from two different angles: high dimensionality carrierless amplitude-
phase (CAP) and multiple-input multiple-output (MIMO) radio-over-fiber
(RoF) systems.
High dimensionality CAP modulation has been investigated in optical
fiber systems. In this project we conducted the first experimental demon-
stration of 3 and 4 dimensional CAP with bit rates up to 10 Gb/s. These
results indicate the potentiality of supporting multiple users with con-
verged services. At the same time, orthogonal division multiple access
(ODMA) systems for multiple possible dimensions of CAP modulation has
been demonstrated for user and service allocation in wavelength division
multiplexing (WDM) optical access network.
2 × 2 MIMO RoF employing orthogonal frequency division multiplex-
ing (OFDM) with 5.6 GHz RoF signaling over all-vertical cavity surface
emitting lasers (VCSEL) WDM passive optical networks (PONs). We have
employed polarization division multiplexing (PDM) to further increase the
capacity per wavelength of the femto-cell network. Bit rate up to 1.59 Gbps
with fiber-wireless transmission over 1 m air distance is demonstrated.
The results presented in this thesis demonstrate the feasibility of high
dimensionality CAP in increasing the number of dimensions and their po-
tentially to be utilized for multiple service allocation to different users.
MIMO multiplexing techniques with OFDM provides the scalability in in-
creasing spectral efficiency and bit rates for RoF systems.
High dimensional CAP and MIMO multiplexing techniques are two
promising solutions for supporting wired and hybrid wired-wireless access
networks.
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Resume´
Udnyttelse af avancerede modulationformater og multipleksningsteknikker
til næste generations optiske access netværker er lovende løsninger, som
kan levere multiple funktionaliteter til slutbrugerne. Denne afhandling
anskuer dette fra to vinkler: Høj-dimensionel ‘carrierless’ amplitude- og
fase-modulation (CAP) samt multipelt input multipelt output (MIMO)
radio-over-fiber (RoF) systemer.
CAP med højere dimensionalitet end 2 er blevet undersøgt med hen-
blik p˚a brug i fiberoptiske systemer. I dette projekt har vi gennemført
den første eksperimentelle demonstration af 3- og 4- dimensional CAP med
bit rater op til 10 Gb/s. Disse resultater indikerer et potentiale til at
levere konvergerede ydelser til flere brugere ved høje bit rater. ‘Orthog-
onal division multiple access’ (ODMA) systemer hvor de mulige multiple
CAP-dimensioner er blevet distribueret til slutbrugerne i et bølgelængde
multiplekset (WDM) netværk er blevet demonstreret.
Et andet vigtigt resultat fra denne afhandling er den første demonstra-
tion af et 2×2 MIMO OFDM fiber/5.6 GHz tr˚adløst passivt optisk netværk
(PON), der udelukkende anvender VCSELs som optiske kilder. Baseret p˚a
dette koncept har vi anvendt polarisations division multipleksning (PDM)
til yderligere at øge kapaciteten per bølgelængde i femtocelle netværk. Bit
rater op til 1.59 Gb/s med fibertransmission og tr˚adløs transmission over
1 m er blevet demonstreret eksperimentelt.
Resultaterne, der er præsenteret I denne afhandling, demonstrerer mu-
lighederne i høj-dimensional CAP til at allokere forskellige ydelser til forskel-
lige brugere. MIMO multipleksning med OFDM tilbyder skalerbarhed samt
øget spektral effektivitet og bit rate i RoF systemer.
De to teknologier kan ses som to mulige løsninger til næste generations
hybride tr˚adløse/optiske access netværk.
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Chapter 1
Introduction
This chapter provides an introduction to the topics of this thesis. An
overview of the covered topics is presented in sections 1.3 and 1.4, and
state-of the-art and beyond in sections 1.5 and 1.6. The contributions of
this project are described in section 1.7. The introduction is structured into
two main categories: multi-level, multi-dimensional carrierless amplitude-
phase (CAP) modulation for access and in-home networks applications; and
multi-input multi-output (MIMO) multiplexing schemes for radio-over-fiber
networks.
1.1 Outline of the Thesis
This thesis is structured as follows: Chapter 1 introduces the context of the
main research papers included in this thesis. It provides a short overview
on high dimensionality CAP as one of the advanced modulation formats
in optical fiber system and MIMO multiplexing techniques as a promising
method to increase the data throughput and link range compared to the
traditional single-input single-output (SISO) method. The impact of these
two main fields is to support the next generation access network in wired
and wireless link.
Chapter 2 describes the main contributions of the thesis. To conclude,
Chapter 3 summarizes the main achievements of this thesis and provides
an outlook on the prospects of the CAP modulation format and MIMO
multiplexing techniques.
1
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2 Introduction
1.2 Optical Transmission for Next Generation
Access and In-home Network
In the last few years attention has turned to the developments of so-called
next generation telecommunication networks [1]. These networks comprise
two segments: the next generation core (NGN), or backbone, and the next
generation access (NGA) networks. Next generation core refers to the core
internet protocol (IP) network and is characterized by the replacement of
legacy transmission and switching equipment with IP technology in the core
network. Next generation access refers to the access technology (optical
fibre, copper or wireless) and its deployment, either to a street cabinet close
to the customer premises in conjunction with copper-based infrastructure
such as x-digital subscriber line (x-DSL), or with the deployment of fibre
or wireless systems directly to the customer premises [2].
The term NGA is often used to describe fibre connections coming closer
to the end-user, which may be typically characterized by significantly higher
bandwidth than currently available technology, while providing better qual-
ity of service and greater uplink/downlink symmetry in data rates. As a
result, the copper or cable wire is to an increasing extent replaced with
fibre-optic technology. Wireless technologies can also be considered as
NGA, indeed, wireless technologies can provide a vital option to extend
and improve broadband coverage in particular scenarios.
Next generation access services facilitate network access while the ap-
plications provide an interface for information exchange. They differ from
traditional access services as they are ‘always on’ and enable the integra-
tion of voice, data, images and video applications. Fig. 1.1 depicts the
traditional access with dedicated services and next generation structure
that enables the hosting of converged applications in a shared environment
taken from [3].
Home access networks (HANs) are vital to end-to-end multimedia broad-
band service provisioning. The emerging services that end users are de-
manding, such as high-definition video streaming, video-calls and access
to cloud computing, have put severe pressure on the telecommunication
network infrastructure to provide high capacity links capable of supporting
diverse service requirements in different customer-premises environments
and at low cost. This demand has resulted in an evolution of short-range
and wired access networks from the copper-based transmission systems with
limited coverage and bandwidth to the use of photonic technologies achiev-
ing high capacity and long reach links [4, 5]. Fig. 1.2 shows the scenario
i
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Convergence
Legacy Environment Next Generation Environment
Figure 1.1: Traditional access environment with dedicated services (on the left) and
next generation service environment (on the right) [3].
in home access network (HAN) with varieties of multimedia services with
wired and wireless network for fiber-to-the-home (FTTH). To increase flex-
ibility in the HAN, multiplexing and transparency to different transmission
and modulation formats would be beneficial. Optical technologies give solu-
tions for such architectures, with multipoint transparent architectures that
can eventually use the wavelength domain to achieve multiplexing.
This Ph.D thesis focuses on the applications of high dimensionality
CAP modulation in wired transmission for access and in-home networks.
In addition, MIMO multiplexing scheme has been used for RoF wireless
transmission for HAN with different multiplexing solutions such as wave-
length division multiplexing (WDM) and polarization division multiplex-
ing (PDM).
1.3 Advanced Modulation Formats for Optical
Communication System
Historically, optical communication systems used a simple modulation for-
mat, where logical “1” was represented by the presence of light, and a logi-
cal “0” was represented by the absence of light. This modulation scheme is
known as on-off keying (OOK). However, as the transmission distances and
the bit rate per channel increase, and the channel spacing decreases, more
i
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Figure 1.2: Fiber-to-the-home home access network with varieties of multimedia ser-
vices supported with wired and wireless network in customer premises.
advanced modulation formats have been suggested to mitigate nonlinear
transmission impairments, to improve receiver sensitivity and facilitate a
per channel bit rate increase beyond the limits of binary systems [6, 7].
Multi-level modulation formats such as quadrature amplitude modula-
tion (QAM) and differential quadrature phase shift keying (DQPSK) have
received appreciable attention widely in optical communications [8]. In or-
der to further increase spectral efficiency, even more advanced modulation
formats are required. New formats have been proposed in [6]; combinations
of amplitude shift keying (ASK) and DQPSK, DQPSK with inverse-return-
to-zero (RZ) pulse shape and differential 8-ary phase shift keying (D8PSK).
Besides increasing the number of levels, the number of dimensions also can
be increased in order to increase the spectral utilization [9] and to support
multiple service applications [10]. Therefore multi-level multi-dimensional
carrierless amplitude-phase (CAP) have been proposed for digital sub-
scriber line (DSL) during early and mid 1990s by the Bell Labs [11, 12].
Besides CAP, there is another competing and incompatible standard for
modulating the asymmetrical digital subscriber line (ADSL) signal, known
as discrete multitone (DMT). CAP treats the entire frequency spectrum as
i
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Figure 1.4: Block diagram of the CAP transceiver.
a single channel and optimizes the data rate over that channel. In contrast,
DMT divides the bandwidth into sub-channels and optimizes the data rate
for each sub-channel. DMT has been accepted as the standard by the
American national standards institute (ANSI) and the European telecom-
munications standards institute (ETSI) [13,14] due to the communications
speed, bandwidth efficiency, spectral compatibility, robustness and power
consumption.
1.3.1 Carrierless Amplitude-Phase Modulation (CAP)
CAP is a multi-dimensional and multi-level signal format employing or-
thogonal waveforms; one for each dimension. These waveforms are ob-
tained from frequency domain filters with orthogonal impulse responses.
In its principle, it is akin to QAM in the sense that both CAP and QAM
supports multiple levels and modulation in more than one dimension. Con-
trary to QAM, however, CAP does not require the generation of sinusoidal
carriers at the transmitter-receiver (transceiver) as shown in Fig. 1.3 and
1.4. Avoiding the carrier has two distinct advantages. First, less expensive
digital transceiver implementation is required as the computation intensive
multiplication operations needed for carrier modulation and demodulation
becomes unnecessary. Secondly, the carrier’s absence increases flexibility,
such as changing the spectrum’s properties, center frequency and shape.
i
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Figure 1.5: CAP transmitter and receiver for 2D CAP system.
CAP has been widely used for ADSL and asynchronous transfer mode
(ATM) local area networks (LANs) [15]. In both of these applications, CAP
modulation has been adopted primarily because of its high bandwidth effi-
ciency and low implementation costs. Additionally, CAP supports modula-
tion in more than 2 dimensions, provided that orthogonal pulse shapes can
be identified [10]. This possibility of multi-dimensional modulation makes
CAP an attractive modulation format to support multiple services for next
generation access networks and in-home networks [16].
The basic idea of the CAP system is to use different signals as signature
waveforms, forming a Hilbert pair (e.g. sine and cosine waveforms) to mod-
ulate different data streams. A block diagram of the CAP transmitter and
receiver is shown in Fig.1.5. Data in the transmitter is mapped according
to the given constellation by converting a number of raw data bits into a
number of multi-level symbols. These symbols are upsampled and shaped
by the CAP filters in order to achieve square-root raised cosine (SRRC)
waveforms. These waveforms are multiplied by sine or cosine waveforms
i
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1.3 Advanced Modulation Formats for Optical Communication System 7
to achieve orthogonality between them and move them from baseband to
passband. The resultant waveforms are given by:
f1(t) = hSRRC(t) cos 2pifct (1.1)
f2(t) = hSRRC(t) sin 2pifct (1.2)
where fc is a frequency suitable for the passband filters. The pair of modu-
lated waveforms f1 and f2 constitute a Hilbert pair. A Hilbert pair is two
signals of the same magnitude response but with phase responses shifted
by 90o. Fig.1.5 (a) and (b) presents the impulse response of the CAP fil-
ters in time domain. The two orthogonal signals are added and converted
from digital to analog form. The combined frequency spectrum of CAP is
shown in Fig. 1.5(c). At the receiver, the signals are converted back to
digital form. The time-inversion of the transmission filters, i.e. matched
filtering, is implemented to retrieve the original sequence of symbols; the
symbols are downsampled and demapped, and the original data can be
recovered. For higher dimensionality CAP, the required sample/symbol
ratio is linearly proportional to the number of dimensions [10]. The upsam-
pling factor therefore must be increased in order to support an increased
number of dimensions. This means that the spectral efficiency has not been
improved by increasing the number of dimensions. However, the additional
dimensions can be used to support multiple access applications.
The Hilbert pair which are sine and cosine waveforms used for 2D-
CAP can not be used for 3D or 4D, so a new set of filters needs to be
designed. The 3D/4D CAP systems are shown in Fig. 1.6. The filters
are added according to the dimensions that are required in the system. To
avoid inter-dimensional crosstalk; it is vital that the transmitter-receiver
filter combinations satisfy the orthogonality or perfect reconstruction (PR)
criteria. In the experiment, the optimization algorithm (OA) described
in [17] has been applied to extend the conventional 2D-CAP scheme to
higher dimensionality and to assure the PR of the filters. The advantage of
this formulation is that the frequency magnitude response of the transmitter
and receiver filters will be identical. Additionally, it is a straight-forward
method to extend the design to higher dimensionality CAP systems. In
equation (1.3) the variables fi and gj represents the CAP transmitter and
receiver finite impulse response (FIR) filters respectively.
P (fi)gj = δ˜, i, j ∈ {1, 2, 3, 4}
P (fi)gj = 0˜, i, j ∈ {1, 2, 3, 4} and i 6= j (1.3)
i
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Figure 1.6: CAP transmitter and receiver for 3D or 4D CAP system.
where P (fi) is a shift matrix that operates on vector fi, δ˜ is a vector with
one unity element and 0˜ is a vector of all zeros.
The optimization algorithm for high dimensionality CAP is described
as follows
min
f1,f2,f3,...fN
max (|F1,HP |, |F2,HP |, |F3,HP |, ...|FN,HP |) (1.4)
subject to the PR condition in (1.3) and
gi = inverse [Fi] , i ∈ {1, 2, 3, ..N} (1.5)
where Fi is the discrete Fourier transform (DFT) of vector fi. The Fi,HP
is the out-of-band portion of the transmitter response above the fB. The
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Figure 1.7: 3D-CAP (a) impulse responses and frequency responses; (b) cross responses
of transceiver filters.
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Figure 1.8: 4D-CAP (a) impulse responses and frequency responses; (b) cross responses
of transceiver filters.
boundary frequency fB is to ensure the receivers frequency magnitude re-
sponse will be exactly the same as the transmitters. This means that the
out-of-band spectral content of the filters is zero. For 1D pulse amplitude
modulation (PAM), Nyquist has proved that to avoid inter symbol inter-
ference (ISI), i.e., PR condition for one dimension, a minimum bandwidth
i
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10 Introduction
of 12T is needed, where
1
T is the baud rate. Similarly, for the 3D-CAP sys-
tem, there is a minimum bandwidth (fB,min) value that will achieve the
PR condition. It has been proven in [17], that fB for the 3D-CAP system
is at least equal to or greater than 32T to preserve the PR condition. In the
experiments, the band limiting condition fB is set to
2
3(2× fs), where fs is
the highest frequency component of the 3D/4D-CAP signals.
Fig. 1.7 and 1.8 show the responses of the digital filters at the trans-
mitter and receiver for 3D-CAP and 4D-CAP respectively. Fig. 1.7(a) and
1.8(a) show the impulse response and the frequency response for each of the
signals. Fig. 1.7(b) and 1.8(b) shows the cross responses of the transmitter-
receiver (transceiver) filters. The impulse only exists at the cross responses
of f1 and g1, f2 and g2, f3 and g3, f4 and g4 (extra dimension for 4D-CAP),
with zeros at the other transmitter-receiver pairs, for example f1 and g2, f1
and g3 and etc. The transmitter-receiver filter combinations are orthogonal
and satisfy the perfect reconstruction criteria.
The generation and experimental demonstration of high dimensionality
CAP is reported in PAPER 1 for the first time in optical fiber systems. In
PAPER 2, the high dimensionality CAP is demonstrated and investigated
at higher bit rate up to 10 Gb/s with 1310 nm DM-VCSELs.
1.3.2 Multiplexing Scheme for High Dimensionality CAP
Spread spectrum communication in the form of code division multiple ac-
cess (CDMA) offered large advantages to the wireless communication in-
dustry in the 1970s [18] in terms of cellular telephony network, global po-
sitioning system (GPS), etc. The success of this technique has also mo-
tivated interest for applications in optical communication networks under
the name of optical code division multiple access (OCDMA). PAPER 3
presents the principle of OCDMA with simulation evaluation of three differ-
ent codes that have been developed for spectral amplitude coding - optical
code division multiple access (SAC-OCDMA) systems.
All-optical 2 dimensional (2D) OCDMA has been proposed for next
generation access network (NGAN) for multimedia applications [19] and
increased spectral efficiency in FTTH [20]. Due to the limited coding space,
incoherent 1 dimensional (1D) optical coding technology (either in the time
or wavelength domain) is not feasible for future access networks which are
required to support a large number of end users. Both 2D and 3 dimen-
sional (3D) encoding techniques require multiple domains to realize optical
codes. Therefore, it is difficult to smoothly upgrade the capacity of an
access network where 2D or 3D encoders/decoders are employed [20]. In
i
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1.4 Hybrid Wireless-Optical Links for Next Generation Access Networks11
order to overcome this problem the encoder and decoder can be designed
in the electrical domain. The orthogonal division multiple access (ODMA)
systems for multiple possible dimensions of CAP modulation [10, 21] has
been proposed for multiple services application.
ODMA can be classified under the CDMA concept, with orthogonality
imposed on the set of signals. Although the ODMA looks similar to the
well-known CDMA, there is a fundamental difference between these two
techniques. CDMA is generated using a pseudo-random generator, while
the ODMA is generated by employing the optimization algorithm.
In this thesis, PAPER 4 presents the first experimental demonstration
of a 2x2D-ODMA configuration in a WDM access network. A bi-directional
fiber optical link using 3D-CAP and employing DM-VCSELs operating
around 1550 nm is demonstrated in PAPER 5.
1.4 Hybrid Wireless-Optical Links for Next
Generation Access Networks
Next generation broadband access networks will provide heterogeneous ser-
vices, wired and wireless. The inclusion of wireless, in the form of radio-
over-fiber (RoF), into access networks needs to be compatible with ex-
isting access architectures and coexist with baseband signals. The most
promising architecture for optical access networks is passive optical net-
work (PON) because of low cost, simple maintenance and operation, and
high-bandwidth provisioning [4, 22]. Several architectures, called hybrid
PONs, have been proposed in order to include optical wireless signal dis-
tribution in PON. Among the different multiplexing techniques for PON,
WDM is the most promising solution for future broadband access networks,
as it can accommodate exponential traffic growth, support different broad-
band services and allow fast network reconfiguration due to the flexibility
in wavelength allocation [22–25].
The application of wireless links for access networks takes place in the
last mile segment of the data transport, providing high capacity links to
the end-user. One type of wireless signal distribution concerns cellular net-
works, where a certain geographical area needs wireless coverage, provided
by a number of antennas base station (BS). For next generation cellu-
lar networks with increased capacity, the reach of the wireless link will be
short as a consequence of the higher radio frequency (RF) carriers and the
use of higher modulation formats needed to achieve high capacity links.
To provide proper coverage, the density of antennas per area needs to be
i
i
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applications.
increased, resulting in a large number of nodes to be distributed and con-
trolled by the network. The new architecture shall support high number of
BS, with possibly high number of antennas per BS, to support MIMO.
1.4.1 MIMO Multiplexing Scheme for RoF Networks
In the next generation wireless access network, various kinds of high–
throughput internet services are to be provided at any time and any place.
Recently, wireless radio systems using multi-antenna technology are used
in new wireless radio communication such as MIMO towards highly reliable
communications [26]. Furthermore MIMO technology has improved trans-
mission distances and increased the data rates supported by modern wire-
less networks without any additional power or bandwidth expenditure [27].
Fig. 1.9 shows integration of MIMO wireless systems into RoF networks
implementing WDM-PON architecture. Such multiple antenna techniques,
however, present a challenge for RoF systems, which have to ensure clean
transmission of multiple signals between elements of the antenna array, and
must mitigate signal path impairments which introduce crosstalk, attenu-
ation and multipath fading [28]. Sophisticated receiver algorithms may be
i
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1.5 State-of-the-Art Analysis 13
implemented to overcome these path-dependent effects.
Orthogonal frequency-division multiplexing (OFDM) has emerged as
one of the leading modulation techniques in the wireless domain. The
combination of OFDM with MIMO provides an attractive solution because
of the simple implementation, and potentially high spectral efficiency.
First experimental demonstration of MIMO for WDM-PON applica-
tion is presented in PAPER 6 with 4-QAM-OFDM modulation scheme.
These results were extended by using a training sequence algorithm to re-
duce computational complexity at the receiver, this work was reported in
PAPER 7.
PDM have been implemented in PAPER 8 and PAPER 9 in or-
der to increased the spectral efficiency in MIMO systems and WDM-PON
networks. The 4-QAM-OFDM and 16-QAM-OFDM have been transmit-
ted over 22.8 km of single mode fibre (SMF). Furthermore the constant
modulus algorithm (CMA) has been implemented in PAPER 10 and
PAPER 11 with 4 bit/s/Hz spectral efficiency has been achieved in both
papers.
1.5 State-of-the-Art Analysis
In this section the state-of the-art results are divided into two categories;
CAP modulation format and MIMO multiplexing techniques.
1.5.1 Carrierless Amplitude-Phase Modulation
CAP modulation originally called carrierless AM/PM was proposed in mid
1975s by the Bell Labs as a viable modulation technique for high-speed
communication links over copper wires [29]. It was derived from QAM
and might be conceded its variation, even though there is a fundamental
difference in the way the signal is generated. CAP has received most of its
attention during early and mid 1990s with the dawn of the DSL techniques
that were aimed for private consumers ADSL [11, 12]. Continuous effort
from Bell Labs led to CAP being a part of early DSL and ATM specification
[15], almost always proposed as optional to discrete multi-tone modulation
(DMT). The proposals of 3D, 4 dimensional (4D) and 6 dimensional (6D)
CAP modulation have been presented in [10, 21, 30] for DSL application.
For high dimensionality CAP the optimization algorithm (OA) described
in [10,17,31] has been used to extend the conventional 2D-CAP scheme to
higher dimensionality and to assure perfect filter reconstruction. However
i
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published work on high dimensional CAP up to year 2007 [15], just focused
on simulation results rather than realistic practical experiments. Possible
limitations of multi-dimensional CAP systems in practice have not been
reported so far.
Recently, CAP modulation has received attention in the research of
optical communication [32–34] due to the potential high spectral efficiency
and the possibility of generating the required orthogonal pulses by means of
transversal filters. In [33] 2D-CAP 8-levels per dimension (L/D) over 50 m
polymer optical fiber (POF) has been demonstrated with resonance cav-
ity light emitting diodes resonant cavity light emitting diodes (RC-LEDs)
with a spectral efficiency of 4.6 bit/s/Hz. Directly modulated vertical cavity
surface emitting lasers (DM-VCSELs) for wavelength division multiplexing
(WDM) application with 2D-CAP 4-L/D has been experimentally demon-
strated in [34, 35], reporting transmission of up to 1.25 Gbps over 26 km
standard single mode fiber standard single mode fibre (SSMF). A spec-
tral efficiency of 4 bit/s/Hz is reported in both papers. In [36] and [32],
10 Gb/s and 40 Gb/s 2D-CAP 4-L/D has been successfully generated with
analogue transversal filters. However, all of these reports are focused only
on 2D-CAP at different L/D. A detailed explanation of the relationship
between levels per dimension, bits/symbol and total number of levels of
CAP can be found in PAPER 1 and PAPER 2.
1.5.2 Multiple-Input Multiple-Output Multiplexing
Technique
MIMO technology has attracted attention in wireless communications, be-
cause it offers significant increase in data throughput and link range without
requiring additional wireless transmission bandwidth or increased transmis-
sion power. It achieves this goal by utilizing multiple transceiver antennas
to achieve an array gain that improves the spectral efficiency (measured in
bits per second per hertz of bandwidth) or to achieve a diversity gain that
improves the link reliability (improved transmission robustness to wireless
channel fading effects).
MIMO wireless systems implement antenna arrays at both transmit-
ter and receiver. First simulation studies that reveal the potentially large
capacities of those systems were already done in the 1980s [37], and later
papers explored the capacity from an analytical point of view [38,39]. Since
that time, interest in MIMO systems has exploded [40].
The combination of MIMO with orthogonal frequency division multi-
plexing (MIMO-OFDM) gives an attractive air-interface solution for wire-
i
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less local area networks (WLANs), wireless metropolitan area networks
(WMANs), and fourth-generation mobile cellular wireless systems [41–43].
Previous simulation work has been done towards integrating MIMO-
OFDM technology with RoF [28], and integrating dense wavelength divi-
sion multiplexing (DWDM) with MIMO-OFDM [44]. The bi-directional
experimental work of MMF bandwidth investigations are presents for RoF
picocellular network architectures with 850 nm and 1300 nm VCSELs [27].
The MIMO-RoF concepts with 16-QAM-OFDM is demonstrated in [45],
but that analysis implements separate fibers for each remote antenna unit
(RAU). The wireless transmission distance is up to 8 m with optimum of
1 m antenna separation.
Recent proposals have aimed to provide current wireless and/or wired
services over WDM passive optical network (WDM-PON) [46–49]. How-
ever, in order to increase the throughput of the wireless access, the strict
limitation imposed by the radio frequency spectrum leads to the reduc-
tion of cell size and the use of higher radio frequency bands, and thus
a huge number of base stations (BSs) are needed to cover a wide area.
The femto-cell architecture provided by broadband optical access network
is a promising approach to realize the next generation wireless access. A
novel architecture of broadband ubiquitous femto-cell networks with RoF
distributed antenna system (DAS) systems over WDM-PON have been re-
ported in [49, 50]. However, these works implemented back-to-back (B2B)
signalling using 64-QAM-OFDM modulation without any wireless trans-
mission. Further experimental investigation by deploying 20 km and 40 km
SMF has been reported in [51] for 2.4 GHz but still without wireless trans-
mission. The 2 × 2 MIMO technique has also been explored at 60 GHz
RoF system [52]. A 27.15 Gb/s bit rate is achieved by employing 16-QAM
modulation format transmitted over 25 km of standard single-mode fiber
and 3 m wireless distance. Frequency domain equalizer (FDE) has been
used to estimate the MIMO channel response .
Polarization division multiplexing (PDM) allows doubling of the spec-
tral efficiency of a transmission system [53]. A 5 Gb/s PDM wireless MIMO
transmission over 60 GHz wireless link has also been reported in [54],
however employing OOK modulation. Moreover, high speed PDM-OFDM
transmission system have been realized in [55, 56] without wireless trans-
mission.
For wireless MIMO systems, channel estimation is essential for signal
demodulation. For multi-carrier systems like OFDM, a large computa-
tional complexity will be introduced by using the classical MIMO channel
i
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estimation method based on the butterfly structure because an adaptive
filter needs to be assigned for each OFDM subcarrier. Consequently, a
training-based channel estimation method has the relatively low computa-
tional complexity at the receiver [57]. However, a large signaling overhead
is often required to extract the channel response, resulting in the decrease of
the net data rate in the system. Furthermore, to obtain preamble or train-
ing symbols in the receiver, precise synchronization or timing recovery is
essential [58,59] since preamble-based approaches are all decision-directed.
In contrast, CMA based equalizer is able to make blind estimation when
transmitting constant envelope signals, e.g. QPSK [60]. Meanwhile, CMA
could also treat the polarization rotation in the fiber together with the
wireless crosstalk when combining the PDM-RoF system with MIMO tech-
nique.
1.6 Beyond the State-of-the-Art
The work presented in this thesis has significantly extended the state-of-the-
art of the CAP modulation format in optical fiber systems and MIMO mul-
tiplexing techniques. Recent work has focused only on 2D-CAP in optical
fibers and no experimental work has investigated for high dimensionality
CAP. We have successfully demonstrated the 3D-CAP and 4D-CAP at dif-
ferent bit rates and transmission distance at different VCSELs wavelengths.
For MIMO multiplexing we have successfully demonstrated 2 × 2 MIMO
by employing OFDM with various wireless transmission for WDM-PON.
In order to increase spectral efficiency, we have implemented PDM in com-
bination with MIMO systems. In this section we divided the achievements
into two subsections in conjunction with the previous state-of-the-art.
1.6.1 High Dimensionality CAP
Fig. 1.10 shows the previous work that has been proposed and demon-
strated in DSL and optical fiber systems. Details of the extension of this
work beyond the state-of-the-art are also highlighted and illustrated in the
schematic diagram.
At the start of this Ph.D work, we initially examined the codes that have
been developed for OCDMA for RoF PON systems. PAPER 3 presents
the principle of the OCDMA with simulation evaluation of three different
codes that have been developed for SAC-OCDMA systems. However to
implement all of these codes extra filters need to be added both at the
i
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Figure 1.10: Illustration of the state-of-the-art and further achievement in the state-
of-the-art of CAP modulation format.
encoder and decoder side in real implementations. After a further discus-
sion with the supervisor and co-supervisor, we decided to change the scope
of the study for investigating higher dimensionality CAP. Previous reports
just focused on simulation work [10,17,21].
PAPER 1 demonstrates the first experimental investigation of 3D-
CAP and 4D-CAP for optical fiber transmission systems with 1550 nm
DM-VCSELs. The signals are transmitted over 20 km standard single-
mode fiber (SSMF). For multi-level 3D-CAP, bit rates of 468.75 Mb/s and
937.5 Mb/s are achieved at 2-levels/dimension (2-L/D) and 4-levels/dimen-
sion (4-L/D) respectively. For 4D-CAP, bit rates of 416.67 Mb/s and
833.3 Mb/s are achieved at (2-L/D) and (4-L/D) respectively. Spectral
efficiencies of 2.68 bits/s/Hz and 2.08 bits/s/Hz are reported for 3D-CAP
and 4D-CAP respectively at 4-L/D. Furthermore, CAP has also been in-
vestigated at higher bit rates with directly-modulated 1310 nm VCSELs
in PAPER 2. The signals are transmitted over 10 km SSMF. For multi-
level 3D-CAP, bit rates of 6 Gb/s and 10.2 Gb/s are achieved at 2-L/D
and 4-L/D respectively with 4 GHz bandwidth. For 4D-CAP, bit rates
of 6.85 Gb/s and 10.66 Gb/s are achieved at 2-L/D and 4-L/D respec-
tively with 8 GHz bandwidth. Spectral efficiencies of 2.44 bits/s/Hz and
1.33 bits/s/Hz are reported for 3D-CAP and 4D-CAP respectively at 4-
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L/D. Coordinate transformed constant modulus algorithm (CT-CMA) chan-
nel estimation employed in order to combat the inter symbol interference
(ISI) and inter dimensional crosstalk is investigated as an added value of
this work.
The usability of CAP modulation dimensions for service and user al-
location for WDM optical access has been experimentally demonstrated in a
2x2D-orthogonal division multiple access (ODMA) configuration PAPER 4.
The spectral efficiency for 4-L/D is 2.08 bits/s/Hz with bit rate of 833.3 MHz
is presented in this work. The flexibility of the 4D-CAP in dividing the di-
mensions in the optical fiber systems is successfully demonstrated.
A bi-directional optical transmission using 3D-CAP at 2-L/D and 4-
L/D modulation has been successfully demonstrated in PAPER 5. The
spectral efficiency achievements of 2.25 bits/s/Hz and 3.6 bits/s/Hz for 3D-
CAP 2-L/D and 3D-CAP 4-L/D are achieved at bit rate of 4.5 Gb/s and
7.2 Gb/s respectively. This demonstrative work is a promising solution to
enable the Gigabits passive optical networks (PON) transmission.
1.6.2 2x2 MIMO Multiplexing Techniques
Fig. 1.11 shows the previous work that has been proposed and demon-
strated for MIMO RoF systems. The extended work to the state of the art
is also highlighted and illustrated in the schematic diagram.
PAPER 6 presents the first experimental demonstration of all-VCSEL
2 × 2 MIMO OFDM with 5.6 GHz RoF signaling over WDM-PON sys-
tems. The 4-QAM-OFDM signals modulated at 198.5 Mb/s net bit rate
are achieved after fiber and 2 m indoor wireless transmission. A further
investigation of this system has been presented in PAPER 7 with 16-QAM-
OFDM signal. Furthermore, this work has been proposed for in-home and
in-office femto-cell networks. For both papers the training symbols algo-
rithm is employed to compensate the multipath fading in the RoF system.
Because of the significantly low net bit rate, in PAPER 8 and PAPER 9
PDM has been proposed and applied to the rest of the experimental work.
PAPER 8 demonstrates a hybrid fiber wireless system by using a PDM 4-
quadrature amplitude modulation (4-QAM)-OFDM signal, which is trans-
lated into a 2×2 MIMO wireless transmission, using training-based OFDM-
MIMO channel estimation. The net bit rate of 795.5 Mbps is achieved
with 2.55 bit/s/Hz spectral efficiency over 22.8 km SSMF and 3 m wireless
distance. An extension work of 16-QAM-OFDM signals has been further
investigated in PAPER 9 with 1.59 Gb/s net bit rate obtained for PDM
WDM-PON systems.
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Figure 1.11: Illustration of the state-of-the-art and further achievement in the state-
of-the-art of MIMO techniques.
PAPER 10 presents and experimentally demonstrate a PDM-RoF sys-
tem with 1.25 Gbaud/s QPSK sequence on each polarization state and fol-
lowed by a 2 × 2 MIMO wireless link. In the experiment, a 2 m wireless
distance and 10 km SMF transmission of 5.4 GHz QPSK with bit rate up to
5 Gbps, and hence 4 bits/s/Hz spectral efficiency was successfully achieved.
An extended reach up to 26 km SMF transmission has been demonstrated
in PAPER 11. The CMA blind channel estimation has been employed in
the 2× 2 MIMO wireless channel for characterization and adaptive equal-
ization of the demodulated signal.
1.7 Main Contribution
The main contributions of this thesis are the high dimensionality CAP mod-
ulation format in optical fiber systems and MIMO multiplexing techniques
for next generation access network.
Firstly, this thesis proposes, studies and experimentally demonstrates
the use of high dimensionality CAP at different bit rates. The ODMA
multiplexing technique that has also been proposed for high dimensional-
ity CAP combined with WDM is an alternative solution for 2D-code in
OCDMA systems.
i
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20 Introduction
Secondly, this Ph.D project contributes on the MIMO multiplexing
techniques by employing OFDM and two different channel estimation tech-
niques for equalization of the 2× 2 MIMO signals. For the first time it has
been proposed for femto-cell WDM PON with wireless transmission. In
addition the utilization of PDM would increase the bit rate up to gigabit
per fiber-wireless access system.
i
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Chapter 2
Description of Papers
This thesis is based on a set of articles already published or submitted for
publication in peer-reviewed journals and conference proceedings. These ar-
ticles present the results obtained during the course of my doctoral studies
combining theoretical analysis, simulation and experimental results. The
papers are grouped in two categories, dealing with the high dimensionality
of CAP modulation and MIMO multiplexing techniques in radio-over-fiber
(RoF) links. The CAP modulation format is studied and demonstrated ex-
perimentally in PAPER 1, PAPER 2, PAPER 4 and PAPER 5. The
theoretical analysis and numerical simulation are performed in PAPER 3
for OCDMA PON system. PAPER 6 and PAPER 7 present the experi-
mental results for 2× 2 MIMO multiplexing technique for WDM-PON sys-
tem. The PDM is proposed and demonstrated in PAPER 8 to PAPER 11
for 2× 2 MIMO wireless channels.
2.1 High Dimensionality CAP and OCDMA
Multiplexing for Next Generation Networks
PAPER 1 demonstrates the first reported experimental results for 3D-
CAP and 4D-CAP using 1550 nm DM-VCSELs. The main novelty of this
paper is the investigation and demonstration of high dimensionality CAP
which before this just focused on the numerical simulation work for ADSL.
The optimization algorithm for generating the CAP orthogonal filters is
also explained in this paper. The signals are successfully transmitted over
20 km of SSMF. For both 3D-CAP and 4D-CAP signals, bit error rate
(BER) below the forward error correction (FEC) limit of 2.8 × 10−3 was
21
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achieved after 20 km of SSMF. For 3D/4D-CAP signals at 4-L/D, a bit rate
BR)of 937.5 Mb/s and 833.3 Mb/s (including 7% forward error correction
(FEC) overhead) is obtained in the system, while spectral efficiencies of
2.68 bits/s/Hz and 2.08 bits/s/Hz are achieved for 3D-CAP and 4D-CAP
respectively at 4-L/D.
PAPER 2 presents a further demonstration of 3D-CAP and 4D-CAP
at higher bit rates. The signals are successfully transmitted over 10 km
SSMF. For both 3D-CAP and 4D-CAP signals, BER below the FEC limit
of 2.8× 10−3 for error free reception was achieved after 10 km SSMF. For
3D/4D-CAP signals at 4-L/D, a bit rate of 10.28 Gb/s and 10.66 Gb/s
(including 7% FEC overhead) is obtained in the system. Spectral efficien-
cies of 2.44 bits/s/Hz and 1.33 bits/s/Hz are achieved for 3D-CAP and
4D-CAP respectively at 4-L/D. The added value of this demonstration is
the coordinate transformed constant modulus algorithm (CT-CMA) chan-
nel estimation employed in this experiment. The CT-CMA improves the
receiver sensitivity by 1 dB and suppresses inter-dimensional crosstalk of
the CAP signals. Despite the fact that the spectral efficiencies are signifi-
cantly lower when the dimension is increased, this modulation scheme has
the potential of supporting multiple users with integrated services at higher
bit rates with directly modulated 1310 nm VCSEL.
PAPER 3 presents a theoretical analysis and simulation performance eval-
uation of three codes; enhanced double weight (EDW), random diagonal
(RD) and zero cross correlation (ZCC) for 10 Gb/s x 4 user, 20 km stan-
dard single mode fibre (SSMF) transmission link for OCDMA PON. The
purpose of this study is to evaluate these new SAC codes that, to our
knowledge, have never been compared before. These SAC codes have ideal
in-phase cross-correlation properties to reduce multiple access interference
(MAI) effects in OCDMA. The performance has been characterized through
received optical power (ROP) sensitivity and dispersion tolerance assess-
ments. The numerical results show that when considering ROP the ZCC
code has a slightly better performance compared to the other two and sim-
ilar behavior against the dispersion tolerance.
PAPER 4 presents the first known experimental demonstration 2x2D-
ODMA configuration in a WDM access network. This new approach gives
an alternative solution to overcome the problem of multiple domains cod-
ing being faced in the 2 dimensional optical code division multiple access
i
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(2D-OCDMA). We believe this new concepts can be implemented in WDM
networks in an elegant way by utilizing the orthogonal CAP filters designed
in the digital domain. The flexibility of the 4D-CAP in dividing the dimen-
sions indicates the prospects of combining the ODMA in WDM network
for service and user allocation in next generation access network.
PAPER 5 reports the first demonstration of a smart grid communication
system based on bi-directional fiber optical links using multi-dimensional
CAP and employing DM-VCSELs operating around 1548.24 nm for down-
link and 1548.96 nm for uplink. Off-line digital signal processing (DSP)
algorithms of blind CMA channel estimation equalizer are implemented to
compensate for inter symbol interference induced by 20 km single mode
fiber (SMF) transmission impairments. Moreover, in this paper, 3D-CAP
with 2-level/dimension (2-L/D) and 4-level/dimension (4-L/D) transmis-
sions achieved the bit rates of 4.5 Gb/s and 7.2 Gb/s respectively.
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2.2 MIMO Multiplexing Technique
Implementation in Radio-over-Fiber System
PAPER 6 proposes and demonstrates the first experimental results of 2×2
MIMO-OFDM with wireless transmission for WDM-PON system using all-
VCSELs optical sources. We report error free transmission after 20 km non
zero dispersion shifted fiber (NZDSF) and 2 meter 2 × 2 wireless MIMO
with 4-QAM-OFDM at 198.5Mb/s with 5.65 GHz RoF signaling trans-
mission for WDM-PON system. We also investigate the effects of various
wireless transmission path lengths and antenna separation distances to see
the robustness of the MIMO-OFDM algorithm. No penalty was observed
when varying the antenna separation of the sub-elements of the MIMO-
OFDM signal with 1 m separation between remote antenna unit (RAU) and
mobile station (MS). PAPER 7 incorporates additional results in investi-
gating the number of subcarriers in OFDM signals and 16-QAM OFDM-
MIMO. The OFDM-MIMO training sequence algorithm which is applied
to compensate the receiver’s complexity is also described in PAPER 7.
Additionally, this work is potentially an attractive candidate for future
femto-cell networks especially for in-door office environments. PAPER 6
was accepted in the 37th European Conference on Optical Communication
(ECOC’11) and PAPER 7 is an extended work that has been published
at the ECOC/Optics Express special issue.
PAPER 8 presents a 2×2 MIMO wireless over fiber transmission system by
seamlessly translation of OFDM on dual polarization states at 795.5 Mbps
net data rate using digital training-based channel estimation. A 1.25 GSa/s
arbitrary waveform generator (AWG) is used to generate two baseband
real-valued 4-QAM OFDM signals with 64 subcarriers by an upsampling
factor of 4. The OFDM signals have a bandwidth of 625 MHz and they are
arranged in frames of 10 symbols, out of which 3 are training symbols used
for synchronization and channel estimation purpose. A cyclic prefix with
0.1 symbol length is added in each symbol. An external cavity laser (ECL)
operating at 1550 nm is used as laser source. The signal is successfully
transmitted over 22.8 km SMF with wireless link up to 3 m. The use of these
technologies enables a net spectral efficiency of 2.55 bit/s/Hz. Furthermore,
a training-based scheme is digitally developed to estimate the polarization
multiplexed MIMO transmission channel.
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